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Abstract: The aim of this work was the evaluation of the catalytic steam reforming of a 
gaseous fuel obtained by steam biomass gasification to convert topping atmosphere residue 
(TAR) and CH4 and to produce pure H2 by means of a CO2 sorbent. This experimental 
work deals with the demonstration of the practical feasibility of such concepts, using a real 
woodgas obtained from fluidized bed steam gasification of hazelnut shells. This study 
evaluates the use of a commercial Ni catalyst and calcined dolomite (CaO/MgO). The bed 
material simultaneously acts as reforming catalyst and CO2 sorbent. The experimental 
investigations have been carried out in a fixed bed micro-reactor rig using a slipstream 
from the gasifier to evaluate gas cleaning and upgrading options. The reforming/sorption 
tests were carried out at 650 °C while regeneration of the sorbent was carried out at 850 °C 
in a nitrogen environment. Both combinations of catalyst and sorbent are very effective in 
TAR and CH4 removal, with conversions near 100%, while the simultaneous CO2 sorption 
effectively enhances the water gas shift reaction producing a gas with a hydrogen volume 
fraction of over 90%. Multicycle tests of reforming/CO2 capture and regeneration were 
performed to verify the stability of the catalysts and sorbents to remove TAR and capture 
CO2 during the duty cycle. 
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1. Introduction 
Among renewable energy sources biomass is attracting increasing attention due to its abundance 
and low cost. Among all technologies, biomass gasification is intended to perform an important role in 
the production of a H2-rich syngas [1]. Biomass gasification (with steam, and/or oxygen) is a 
thermochemical process that produces a fuel syngas rich in hydrogen and carbon monoxide, with 
additional significant quantities of carbon dioxide and methane. An undesirable product is Topping 
Atmosphere Residue (TAR), that is a complex mixture of cyclic and polycyclic aromatic hydrocarbons [2], 
known for its toxicity and cancerous properties. Unacceptable levels of TAR cause operational 
problems in downstream processes, such as internal combustion engines or gas turbines [3]. 
Catalytic steam reforming seems to represent the best method to both reform methane and eliminate 
TAR compounds, converting them into H2 and raising the energy content of syngas [4]. Many authors 
have studied the catalytic reforming of TAR analyzing different types of catalysts and using 
representative TAR compounds (such as toluene, naphthalene, etc.) in order to enhance H2 yields and 
improve catalyst endurance towards deactivation by carbon deposition or sintering [5–8]. 
Furthermore, with the aim of maximize the H2 content in the produced gas, a CO2 sorbent can be 
used in the gasification chamber in order to capture CO2 as soon as it is produced. The removal of CO2 
shifts the thermodynamic equilibrium of the water gas shift (WGS) reaction to the hydrogen product. 
Using Ni as metal catalyst, good results have been reported in the sorption enhanced steam methane 
reforming [9–12] with hydrogen molar fractions higher than 95% and CH4 almost completely reformed 
with an operative temperature that varied between 600 °C and 700 °C. In recent years several papers 
have reported gasification processes that include CO2 capture with calcium oxide-based sorbents [13]. 
CaO reacts with carbon dioxide to form calcium carbonate in an exothermic reaction. Hence, to ensure 
continuity to the process, the sorbent has to be regenerated by the reverse endothermic reaction of 
CaCO3 calcination: 
Carbonation  CaO (s) + CO2 (g) → CaCO3 (s)  ∆    
   = −1705 kJ/mol 
Calcination CaCO3 (s) → CaO (s) + CO2 (g)  ∆    
   = +1705 kJ/mol 
The gas obtained, rich in hydrogen, could be exploited in high efficiency power generation devices 
like GT, MCFC or SOFC [14–21]. At the moment one of the most efficient gasification technologies is 
likely to be the dual fluidized bed system, consisting of the circulation of the bed material between two 
different reactors, dividing gasification and char combustion reactions [8]. Due to this configuration, 
it is possible to exploit the bed material as a heat carrier, in order to enhance heat exchange between 
the two reactors and favour both gasification and combustion reactions. Moreover, supplying air to the 
combustor only and steam to the primary reactor, is it possible to increase the Lower Heating Value of 
the syngas, that is no more diluted with the N2 present in the air [8,19]. 
The addition of a CaO sorbent in the bed material lets the sorbent be continuously regenerated in 
the combustion reactor after carbonation due to CO2 capture in the gasifier. Furthermore both the 
delivery of the hot regenerated sorbent to the gasifier and the exothermic CO2 absorption provides Energies 2013, 6  3169 
 
 
additional heat to the endothermic gasification reactions, decreasing the amount of circulating material 
needed; contemporary, exothermic combustion provides heat for the regeneration of the sorbent, 
ensuring a better thermal control of the whole process [13,22,23]. 
Therefore, combining catalytic reforming and CO2 absorption through contemporary use of CaO 
sorbent and catalyst as bed material in fluidised bed reactors (in a process called Sorption Enhanced 
Steam Reforming—SESR) it is possible to obtain the best result in H2-rich syngas production [24]. 
A typical calcium oxide based sorbent studied in the literature is dolomite, which presents great 
CO2 sorption properties [10]. Unfortunately these types of sorbents suffer from the conditions reached 
in both gasifier and combustion chamber, such as thermal stress and mechanical friction (especially in 
fluidized bed where bed material suffers of attrition problems). Many authors observed high decay in 
sorbent reactivity due to multiple CO2 capture—regeneration cycles, accompanied by a significant 
decrease in porosity and surface area [10,11,25,26]. As a result, the literatures report many attempts to 
improve both reactivity and endurance of sorbents [9,13,27,28]. The greatest efforts are directed to the 
synthesis of tailored binders or support for CaO to enhance its reactivity and stability. Di Felice   
et al. [29,30], for example, have reported successful results in single cycle CO2 capture and TAR 
reduction with dolomite impregnated by nickel or iron, using toluene and 1-methyl naphthalene as 
model compound for TAR produced during biomass gasification and in multi-cycle Sorption Enhanced 
Steam Methane Reforming too [24]. 
In the present work the behaviour of a commercial Ni catalyst (HiFUEL R110, Johnson Matthey 
Plc, Alfa Aesar, Ward Hill, MA, USA), mixed with calcined dolomite as sorbent (5 wt% Ni) has been 
investigated. The material has been tested in the secondary fixed bed reactor of a gasification test rig, 
continuously fed with produced syngas and maintained at 650 °C. High hydrocarbons produced by 
hazelnut shells gasification at 850 °C have been used as TAR model compound [31]. The efficiency of 
the material as both CO2 sorbent and TAR converter and its endurance have been evaluated observing 
the H2 response curve (as described by Ortiz and Harrison [32,33]) and the amount of TAR inside the 
syngas during four subsequent absorption-calcination cycles. 
2. Experimental 
2.1. Materials 
The material used for SESR tests consists of a commercial HiFUEL R110 nickel catalyst mixed 
with calcined dolomite kindly provided by Pilkington (see Table 1 for elemental analysis and specific 
surface area of dolomite). 
Table 1. Elemental analysis of fresh dolomite; and specific surface area of calcined dolomite. 
Dolomite Characterisation  Fe  CaO  MgO 
Elemental analysis (wt% fresh dolomite)  0.01  30.39  20.56 
Specific surface area of calcined dolomite (m
2/g) -  -  15.2 
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2.2. Catalyst Characterization 
The catalyst has been characterized X-ray fluorescence. Composition of the commercial Ni catalyst 
has been evaluated by X-ray fluorescence analysis, performed on a SPECTRO X-LAB 2000 
instrument (SPECTRO Analytical Instruments GmbH., Kleve, Germany). Values of Ni and Al 
concentration for the catalyst before reduction are reported in Table 2. From the data of Table 2 the 
amount of metallic Ni after reduction was 16.6% by weight. 
Table 2. X-ray fluorescence analysis results. 
Received Catalyst  Weight (%)  Range 
Ni 9.847  ±0.014% 
Al 20.150  ±0.05% 
Ca 8.085  ±0.022% 
Loss of ignition  61.918  - 
2.3. Test–Rig 
Tests for the evaluation of both CO2 capture and TAR conversion efficiency have been carried out 
through the bench-scale experimental rig illustrated in Figure 1, similar to the apparatus realized by 
Michel et al. and Rapagnà et al. [34,35]. The system consists essentially of the following areas: 
•  a syngas production section with a cylindrical bubbling fluidised bed gasifier, fed continuously 
with biomass, steam and nitrogen; 
•  a gas cleaning section with a cyclone and a high temperature ceramic candle filter in series; 
•  a reforming—CO2 capture section with a secondary fixed bed micro-reactor filled with the 
catalyst—sorbent powder and thermally controlled; 
•  another cleaning section consisting of a system of impingers kept at low temperature to favour 
TAR condensation; 
•  a syngas monitoring section with a volumetric gas-meter and controller and a gas-chromatograph. 
The fluidized bed gasifier consists of an austenitic stainless steel cylindrical vessel of 80 mm 
internal diameter (ID), fitted with a sintered stainless steel porous distributor plate, and designed to 
allow a good gas distribution at all temperatures. The pressure drops through this plate are higher than 
40% of those through the fluidized bed yet at ambient temperature, in order to guarantee a uniform gas 
distribution at every temperature. The entire reactor is located in a cylindrical electric furnace provided 
with temperature and heating rate control systems. Temperature within the reactor is measured by 
means of two thermocouples, one immersed in the bed and the other located under the distributor. 
The bed inventory is olivine sand. 
The hazelnut shells reach the gasifier through an endless screw system powered by an electric 
motor; to facilitate the feed of biomass into the reactor and to avoid problems of agglomeration and 
choking, a constant nitrogen flow is fed continuously to the biomass inlet pipe (as proved by 
Rapagnà et al. [35]). 
Water for the generation of steam is fed to an electrically heated boiler by means of a dosing pump 
at a constant flow rate. Energies 2013, 6  3171 
 
 
Figure 1. Scheme of the experimental system: (1) bubbling fluidized bed gasifier;   
(2) biomass feed system—hopper and screw feeder; (3) gasifying agents inlet system; 
(4) distilled H2O storage; (5) water pump; (6) electric steam generator; (7) cyclone;   
(8) torch; (9) ceramic candle filter; (10) secondary reactor; (11) TAR condensation system; 
(12) mass flow controller (13) vacuum pump; (14) cumulative gas flow meter;   
(15) gas-chromatograph (TCD). 
 
During the start-up the entire syngas generated by biomass gasification feeds a torch to be 
completely burned. When gasification process reaches the steady state condition a vacuum pump is 
switched on to feed the stainless steel microreactor for catalyst/sorbent test with a slipstream of 
raw gas. A heated ceramic filter assures that no fine particles reach the microreactor. The microreactor 
(filled with catalyst) is located in a cylindrical electric furnace provided with temperature and heating 
rate control systems. The temperature of the catalyst bed is measured by a thermocouple inside   
the bed. For each run the permanent gas yield is measured by means of a volumetric gas-meter, after 
separation of the condensate (water and organic phases) in a cold bath of isopropanol (−15 °C). 
According to the TAR guideline provided by the European Committee for Standardization, the raw gas 
passes through different impingers in series filled with isopropanol and placed in a thermostatic bath 
maintained at −15°C by a chiller-thermocouple system. The flow-rate of the slipstream is controlled by 
a Bronkhorst—El Flow flow regulator downstream of the vacuum pump (Bronkhorst High-Tech B.V., 
Ruurlo, The Netherlands). At the end of every absorption phase the isopropanol full of TARs is 
collected and analysed. In particular the TARs are measured after each test by means of Agilent 
GC-MS 5975C gas-chromatograph with mass spectrometry (Agilent Technologies, Santa Clara, CA, 
USA). Gas products are analysed by VARIAN CP-4900 micro-GC gas-chromatograph (Varian Inc., 
Middelburg, The Netherlands). Energies 2013, 6  3172 
 
 
3. Experimental Test 
Hazelnut shells were used for the gasification tests. The biomass elemental analysis is reported in 
Table 3. The preliminary analysis (moisture, ash, volatile matter and carbon) was carried out by means 
of a TGA (Mettler-Toledo International Inc., Columbus, OH, USA), the elemental analysis (CHNO) 
was carried out by means of a Leco 2000 CHN analyzer (LECO Corporation, St Joseph, MI, USA), 
and the LHV by means of a Parr 6200 isoperibol oxygen bomb calorimeter (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). 
Table 3. Physical and chemical properties of biomass. 
Type Hazelnut  shells 
Status Raw Dry  Dry-ash-free  (daf) 
Moisture (wt%)  7.9  -  - 
Ash (wt%)  1.16  1.26  - 
Volatile matter (wt%)  72.45  78.66  79.67 
Carbon (wt%)  46.65  50.65  51.3 
Hydrogen (wt%)  5.55  6.03  6.1 
Oxygen (wt%)  38.74  42.06  42.6 
LHV (kJ/kg)  17,228  18,727  18,966 
All tests of Sorption Enhanced Steam Reforming have been performed maintaining the gasifier 
temperature at 850 °C and the steam/biomass (S/B) ratio equal to 0.8 (see Table 4 for the complete list 
of gasifier operative parameters). The nitrogen flow within the reactor has been set to guarantee the 
bed material fluidization. 
Table 4. Gasifier operating condition. 
Item or Condition  Unit  Measure 
Olivine particle’s diameter  µm  351 
Olivine’s density  kg/m
3 2640 
Hazelnut shells particle’s diameter  µm  800–2000 
Hazelnut shells’ density  g/mL  0.56 
Bed temperature  °C  850 
Biomass feed rate  g/h  345.6 
S/B gvap/gbiom 0.8 
The secondary fixed bed reactor has been filled with 27 g of material (8 g of Ni commercial catalyst 
and 19 g of calcined dolomite) for nickel content 5% of the total. 
Every cycle of the whole test has included the following phases (see Table 5 for the complete list of 
operative parameters of the phases): 
1. Achievement of the nominal operative conditions: the bed material was heated by a continuous 
nitrogen flow (0.5 NL/min) until it was reached the temperature of 650 °C; 
2. Sorption Enhanced Steam Reforming: once reached the steady state condition of gasification the 
vacuum pump was powered with the flow regulator set to 0.3 NL/min; Energies 2013, 6  3173 
 
 
3. Calcination of dolomite: the secondary reactor was fed by a 0.5 NL/min nitrogen stream and 
heated up to 850 °C in order to quantify the amount of CO2 absorbed during the sorption 
enhanced steam reforming phase; 
4. Combustion of catalyst: the bed material, maintained at 850 °C, was provided with a constant air 
stream (equal to 0.5 NL/min) in order to estimate the rate of carbon deposition during the test; 
5. Catalyst reduction: the material within the secondary reactor was fed with a continuous 
hydrogen stream (0.5 NL/min), maintained at 850 °C for 30 min and then cooled to   
ambient temperature. 
Table 5. Summary of the operative temperatures and gas flows for all test phases. 
Phase 
T  
(°C) 
H2 flow 
(NL/min) 
Air flow 
(NL/min) 
N2 flow 
(NL/min) 
Syngas flow 
(NL/min) 
In. reduction  0→850 0.5  -  -  - 
Heating 0→650 -  -  0.5  - 
Sorption 650  -  -  -  0.3 
Calcination 850  -  -  0.5  - 
Combustion 850  -  0.5  -  - 
Fin. reduction  850→0 0.5  -  -  - 
4. Result and Discussion 
4.1. Baseline Tests 
All tests were performed after the fluidized bed reached the steady state conditions indicated in 
Table 4. Table 6 and Figure 2 show the reference gas composition and TAR concentration obtained in 
the tests without catalyst. 
Table 6. Reference composition of the gas obtained by steam gasification of biomass at 
850 °C (dry, N2 free). 
Element or compound  Vol. fraction (dry, N2 free)  Standard deviation ( ) 
H2 0.48  0.00727 
CO 0.21  0.00365 
CH4 0.09  0.00436 
CO2 0.22  0.00302 
4.2. Sorbent/Catalyst Tests 
The efficiency of the commercial nickel catalyst mixed with dolomite in both TAR conversion and 
CO2 sorption has been evaluated by means of H2 response curves. In case of sorption enhanced steam 
reforming, as described by Harrison et al. [33], response curves present a typical shape which can be 
divided in three sections. The first one is called “pre-breakthrough” and corresponds to the highest 
efficiency of CO2 sorption, water gas shift and TAR reforming reactions together and is represented by 
a plateau until the reactions are at equilibrium. After some time, depending on the amount of CaO and 
on CO2 partial pressure, carbonation reaction decreases its efficiency and the curve shows a rapid fall. Energies 2013, 6  3174 
 
 
This transient is the “breakthrough” section, characterized by an almost specular behaviour of H2 
(decreasing) and CO2 (increasing). When carbonation offers no more contribution to TAR reforming 
reactions, hydrogen and carbon dioxide reach a new equilibrium, characterized by another plateau; this 
last section is called “post-breakthrough”. 
Figure 2. Reference TAR concentration in the gas obtained from steam gasification of 
biomass at 850 °C (dry, N2 free): (a) benzene, toluene, naphthalene; (b) phenanthrene, 
anthracene, xylene, styrene, phenol. 
(a) (b) 
In Figures 3, the behaviour of N2-free content of raw gas principal components (H2, CO2, CO and 
CH4) downstream Sorption Enhanced Steam Reforming is shown. 
Figure 3a represents the H2 response curves of Ni catalyst—Dolomite SESR during four 
subsequent cycles. For all the curves it is possible to distinguish well the three previously 
described sections. The first cycle curve shows the best behaviour in H2 yield with values that reach 
92% in the pre-breakthrough section (equal to the result achievable by thermodynamic analysis) and a 
successive softer decrease. The other cycles display instead an increasingly accentuated delay in 
reaching the initial plateau, a lower maximum value and a faster breakthrough transient. 
The CO2 trends for the different cycles (Figure 3b) essentially confirm what already underlined by 
the H2 response curves, showing a strong decay in sorption efficiency even between the first   
two cycles. 
The CO content behaviour (Figure 3c) proves the influence of the sorbent in water gas shift reaction 
activity. In the pre-breakthrough section the CO percentage is minimized due to both TAR reforming 
(that produces CO) and contemporary WGS reactions, with efficiency getting worse during the 
subsequent cycles. Then in the post-breakthrough  section the lack of absorption activity causes a 
reduced effect of WGS and a gradual increase of the CO content. Furthermore a more rapid decrease in 
TAR reforming reactions activity compared to water gas shift’s one is observed during the cycles. 
Finally, Figure 3d confirms the behaviour of the other components content, highlighting the Ni 
catalyst decay in methane reforming during the subsequent cycles. Moreover CH4 behaviour can be 
used as reference to evaluate high hydrocarbon steam reforming. 3
th cycle trend is the one that best 
demonstrates the catalyst activity decay. 
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Figure 3. Content within the raw gas (expressed as %vol N2-free) during four subsequent 
cycles of SESR. 
 
This decay is also visible from Figures 4 and Figure 5, which represent the TARs conversion rate 
for the sum of the detected TARs and for each of the following TAR classes: 
•  benzene; 
•  1-ring: toluene (most abundant), xylene, styrene; 
•  phenol; 
•  2-rings: naphthalene; 
•  3-rings: phenanthrene, anthracene; 
•  4-rings: pyrene. 
TARs conversion rate has been calculated by comparing it to a no-reforming test performed under 
the same gasifier steady state conditions. Figure 4 shows values of total TARs conversion rate close 
to 100% for both the first and the second cycle. On the contrary, between the second and the third 
cycle, in agreement with CH4 content rise, a significant decrease (up to 53%) is observed. 
The graph of Figure 5 confirms the initial strong activity of Ni/Al2O3 for each TAR class,   
with values of conversion rate exceeding by 99% on average, but also shows a subsequent great 
decrease especially for benzene and 1 ring hydrocarbons (toluene, xylene, and styrene). 
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Figure 4. Total TARs conversion rates during the cycles. 
 
Figure 5. TAR conversion rate (%) for single TAR classes during the cycles. 
 
Then Figure 6 (reporting the TAR concentration within the gas stream for each class), showing 
large amounts of benzene and 1-ring TAR in the last two cycles compared to the others, justifies the 
low values of the reported total TARs conversion rate. 
Dolomite behaviour through multiple CO2 capture and release cycles, clearly described by the 
response curves, was also confirmed by the measurement of the CO2 released during calcinations. 
In Figure 7, the CO2 content behavior for each cycle expressed in moles per minute is reported. 
The total amount of released CO2 (obtained as integral of each curve) can be related to the total 
amount of CO2 captured during the previous phase without making significant mistakes. Furthermore 
calculation of the absorbed CO2 moles by mean of Figure 7 curves integral gives more accurate 
qualitative and quantitative information than the CO2 response curve (Figure 3b) because it’s not 
dependent on time and on any possible small fluctuation in the nitrogen flow rate. It is easy to notice 
that going forward with the cycles the area subtended to the curves decreases. 
This result can also be expressed in terms of total moles of released—absorbed CO2 and in terms of 
absorption efficiency, as summarized in Table 7. 
Table 7. Results of calcination phase for all the cycles. 
Efficiency Expression  Cycle 1  Cycle 2  Cycle 3  Cycle 4 
Moles of released CO2 (mol)  0.165  0.147  0.143  0.144 
Sorbent conversion (%)  81.3  72.2  70.6  71.0 
Moles or released CO (mol) 0.010  0.024  0.008  0.018 Energies 2013, 6  3177 
 
 
Figure 6. TAR concentration (g/Nm
3 dry, N2 free) for single TAR classes during the cycles. 
 
Figure 7. CO2 content within the N2 stream (expressed in moles per minute) for all cycles 
calcinations phase. 
 
Absorption efficiency was calculated as the ratio between the moles of released CO2 and the total 
ones calculated stoichiometrically from carbonation reaction (equal to the moles of CaO in the bed 
material). Results show high efficiency during the first cycle (81.3% on average), followed by 
expected lower values (as already perceived in Figure 3). Hence its trend confirms the dolomite 
progressive loss of sorption capacity during cycles, often accompanied with structural modification, 
pore volume and surface area reduction, as widely reported in literature [13,24]. 
Table 7 also reports the total amount of CO detected within the gas stream during the 
calcination phase. Furthermore traces of CO2 within the air stream during the subsequent combustion 
phase have been detected. Presence of CO together with the detected CO2 traces give information 
about catalyst deactivation by carbon deposition. As a matter of fact CO can be only generated during 
calcination by reaction of carbon with CO2 in Boudouard’s equilibrium. As a consequence, as already 
verified in literature [24], the presence of CO can partly justify the observed decay in catalyst 
efficiency. The use of a higher steam to carbon ratio could solve this problem. The decay of the 
catalyst activity could be due to the formation at high temperature of Ni aluminates that would not be Energies 2013, 6  3178 
 
 
reduced at 850 °C, the amount of metallic nickel available as catalyst would be thus lower. For this 
reason XRD analysis of the spent sorbent/catalyst after tests was carried out. The results of the analysis 
are shown in Figure 8, no Ni aluminates were observed, the relevant phases are CaO, MgO metallic Ni 
and Grossite (CaAl4O7), and this last one is the binder of the commercial catalyst. 
Figure 8. XRD analysis of the spent sorbent/catalyst after tests. 
 
As a matter of fact it must be said that catalyst used for the tests has an amount of Ni of 16.6% that 
can be considered high. 
Catalyst can suffer from metallic Ni thermal degradation and sintering as described in [36], 
especially during the regeneration phase in an air environment where higher temperatures are reached 
on the Ni surface during carbon combustion. It is also important to underline that CO2 absorption also 
decreases after four cycles which is a low number for a real industrial application. 
5. Conclusions 
In this work, the results obtained by catalytic steam reforming of a raw gas resulting from biomass 
gasification and simultaneous CO2 capture were presented and discussed. A mixture of commercial 
catalyst and calcined dolomite has been used for the experimental tests at 650 °C. Results showed that 
total TAR conversion can be close to 100% and the volumetric percentage of hydrogen in the gas can 
reach 92%, thanks to the enhancement of the water gas shift reaction due to the presence of the CO2 
sorbent. Multi-cycle tests anyway showed a fast decrease in the catalyst activity both for the steam 
reforming of methane and for the TAR reforming: the methane volumetric percentage in the gas was 
close to the base tests without catalyst, while TAR conversion was lower than 50% at the 4th cycle. 
This deactivation could be partially justified by carbon formation on the catalytic site, observed at the 
end of each test during the regeneration of the catalyst and sorbent. Another possible explanation could 
be the thermal degradation and sintering during the regeneration phase in air environment where 
higher temperatures are reached on the Ni surface during carbon combustion. To clarify this 
phenomenon, further tests seem necessary, with a higher steam to carbon ratio or a milder regeneration 
with steam instead of air. 
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